Our understanding of how variable wind in natural environments affects flying insects is limited, 9 because most studies of insect flight are conducted in either smooth flow or still air conditions. Here, we 10 investigate the effects of structured, unsteady flow (the von Karman vortex street behind a cylinder) on 11 the flight performance of bumblebees (Bombus impatiens). Bumblebees are "all-weather" foragers and 12 thus frequently experience variable aerial conditions, ranging from fully mixed, turbulent flow to 13 unsteady, structured vortices near objects such as branches and stems. We examined how bumblebee an increased cost of flight in unsteady flow, with potential implications for foraging patterns and colony 27 energetics in natural, variable wind environments.
INTRODUCTION 31
Volant insects employ a variety of unsteady fluid-mechanic phenomena to remain airborne, including 32 leading edge vortex generation (Ellington et al., 1996) , wake capture during hovering (Dickinson et al., 33 1999) , rotational circulation during pronation and supination (Dickinson et al., 1999) , and reduction of 34 the Wagner effect via clap and fling (Miller and Peskin, 2009 ). Over the past two decades, our 35 understanding of these phenomena has been significantly improved by studies exploring the flow field 36 over insect wings in free and/or tethered flight conditions, and through the use of dynamically scaled 37 robotic models (see, Sane, 2003 and Wang, 2005 for reviews). Nearly all experiments on insect flight 38 aerodynamics have been conducted within the confines of laboratories, in the absence of external flow 39 (i.e. still air) or in very smooth flow produced by laminar wind tunnels. However, the vast majority of 40 insects reside in the outdoor environment, within the Atmospheric Boundary Layer (ABL) that extends to 41 a few hundred meters above the Earth's surface, where atmospheric properties (wind, temperature, 42 humidity, etc.) are significantly influenced by the terrain (Stull, 1988) . Though migrating insects routinely 43 fly at much higher altitudes (> 1000 m) and are assisted by large-scale meteorological events, these 44 insects too descend to the surface layer for tasks such as feeding, resting, and mating (see 45 Farrow, 1988 and Chapman et al., 2011) . 46
Flight within this region of the atmosphere can be challenging, even in wind-free conditions, because 47 the Earth's surface is seldom flat, and it contains numerous natural and man-made structures that 48 hinder straight, level flight. Wind conditions within the ABL are highly variable, due in part to pressure 49 differences induced by meteorological phenomena and Coriolis forces arising from the Earth's rotation. 50
Excluding extreme weather events, mean wind speeds in the ABL generally vary from 0 m/s (still air) to 51 10 m/s (strong breeze), and wind direction can change rapidly (Stull, 1988) . Diurnal insects are further 52 challenged by stronger daytime winds due to convection from the Earth's surface. Some insects may be 53 forced to cease flying in windy weather (Feltwell, 1982 Hendry, 1989 and Combes and Dudley, 2009) , 54 but many appear to be capable of contending with the adverse effects of strong, variable environmental 55 airflow through active and/or passive flight control strategies (Crall and Combes, 2013) . While some 56 recent studies have investigated the effects of large-scale weather phenomena on insect flight, 57 particularly related to long-distance migration (Chapman et al., 2011) , the effects of variable wind 58 patterns on insect flight at shorter time-scales within the ABL remain virtually unexplored. 59
The interaction between airflow and the terrain, which imposes obstacles in the wind's path, can result 60 in highly complex and turbulent flow fields (Watkins et al., 2006) . While the flow far away fromThis method of unsteady flow generation gives rise to a von Karman vortex street in the wake of the 121 cylinder (Fig. 1A) , and has been employed by a number of researchers examining the influence of 122 unsteady flow on swimming and flying animals (Liao et disturbances on the order of the bee's wing span would produce greatest instability; disturbances many 127 orders of magnitude greater would be experienced as quasi-steady changes in oncoming flow, whereas 128 those many orders of magnitude smaller would average out across the body to produce minimal 129 disturbance. 130
We filmed bees and quantified airflow within a specific interrogation volume (a cube with side lengths of 131 100 mm, located 100 mm downstream from the cylinder; Fig. 1A ). The downstream distance was chosen 132 to avoid the recirculating region in the near wake of the cylinder and to allow the formation of a full von 133
Karman vortex street. Fluctuations in flow velocity within this volume were quantified in the absence of 134 bees, using a three component hot-wire anemometer sampling at 1kHz, calibrated against a standard 135 pitot-static tube. 136
During flight trials, bees were filmed as they flew through the interrogation volume using two Photron 137 SA3 high-speed cameras sampling at 1000 Hz, placed above the wind tunnel at approximately 30˚ from 138 the vertical. A static calibration cube that filled the volume of interest was used for spatial calibration via 139 direct linear transformation (Hedrick, 2008) . 140 Triangular markers were manually placed on the thorax of bees to enable estimation of bees' position 141 and orientation. The markers consisted of three black points representing the vertices of an isosceles 142 triangle (measuring 2.7 x 2.3 mm) set upon a white background (Fig. 2B) . Footage of the bees in flight 143 revealed that the marker was well removed from the wings and did not interfere with wing kinematics. 144
Kinematic reconstruction and analysis 145
The recorded flight sequences were digitized using an open-source MATLAB-based routine, DLTdv5 146 (Hedrick, 2008), utilizing the automated tracking feature to localize the three black points on the 147 triangular marker throughout each sequence. Subsequent analysis of the bee's position and orientation 148 was performed in MATLAB. Reconstructed data were filtered with an 8th-order Butterworth low pass 149 filter with a cutoff frequency of 200 Hz to reduce error due to marker localization (see Error Estimation,below). The software utilizes Direct Linear Transformation (DLT) to calculate the location of an arbitrary 151 point in 3D space based on the location of the point on each camera's view. For all flight sequences only 152 the three black points on the marker (Fig. 2B) were digitized. 153
Mean ground speed of bees was calculated by numerically integrating the absolute flight path of the bee 154 and dividing it by the total flight time. Mean air speed of bees along their flight path was calculated as 155 the sum of the mean wind speed in the interrogation volume and the mean ground speed traveled by 156 the bee: 157
158
In smooth flow conditions, the mean wind speed was uniform within the interrogation volume; 159 however, in the wake of the cylinder, mean streamwise velocity varied slightly across the control volume 160 ( to identify dominant frequencies of motion. Because bumblebees typically adopt a "casting" flight path, 174 flying slowly from side to side as they move upstream, we also examined the standard deviations of 175 velocities subjected to a 3 Hz high-pass filter, to separate the higher frequency components of the bees' 176 velocity fluctuations from the low-frequency casting behavior. The cutoff frequency of 3 Hz was chosen 177 arbitrarily, based on the power spectra of bee velocity; however, sensitivity to cutoff frequency wasevaluated, and the filtered results were found to be relatively insensitive to cutoff frequency over a 179 range of ~ 3-10 Hz. 180 Power spectra of orientation angles were calculated to identify dominant frequencies of fluctuations in 204 body rotation around the roll, pitch and yaw axes. To obtain instantaneous rotation rates of bees in the 205 local coordinate system, the time derivative of the RPY angles was multiplied by the rotation rate matrix 206 (Diebel, 2006) . Mean absolute rotation rates were calculated from the instantaneous angular velocity 207 data. The rotation data was also treated with a 3 Hz high-pass filter to remove low-frequency casting 208 motions, as in the translational analyses described above. 
Error estimation 217
Digitization error in localizing the centroids of marker points is expected to be of the order of 1-2 pixels, 218 which is much smaller than the mean number of pixels separating the markers (~30). This error is 219 expected to manifest only at higher frequencies, on the order of the Nyquist frequency. The digitized 220 data were passed through an 8 th order Butterworth low-pass filter to remove any higher frequency 221 errors due to the digitization process, with a cutoff frequency of 200 Hz, which is lower than the Nyquist 222 frequency (500 Hz) but higher than the flapping frequency of the bees (~180 Hz). 223
Error due to the 3D reconstruction process was analyzed using the DLTdv5 MATLAB routine, which 224 provides residuals (in pixels) from the direct linear transformation performed for each time instant 225 (Hedrick, 2008). These residuals are the root-mean-square error in the 3D reconstruction of the points 226 from the camera views, and may be considered a metric for the accuracy of the digitization process. A 227 low residual is indicative of accurate triangulation of the points in 3D space. To avoid errors in 228 estimation of orientation angles due to the relatively close proximity of points on the marker, only 229 sections of flight sequences with DLT residuals <2 pixels were chosen for further analysis. To further 230 assess the accuracy of the reconstruction process, the reconstructed distances between marker points 231 were compared to the actual physical distances between them for each time instant analyzed. For the 232 flight sequences analyzed (those with DLT residuals <2), the root mean square difference between 233 reconstructed and actual marker distances was < 0.05 mm, corresponding to an uncertainty of < 2%. 234
Markers were affixed to each bee's thorax manually, and thus may have been offset from the bee's 235 neutral axes by different amounts in the 14 individuals tested. These offsets in marker positioning could 236 introduce error into the estimation of instantaneous body orientation angles. However, the output 237 variables used for statistical analysis (standard deviation of rotation angles, mean absolute rotation 238 rates, standard deviation of rotation rates, etc.) were based on changes in orientation angle, and thus 239 are not affected by slight errors in estimation of actual body orientation angles. 240
241

RESULTS
242
Flow conditions 243
With unimpeded (smooth) flow, a flat velocity profile was present across the interrogation volume (< 2% 244 variation in mean flow speed, Fig. 1B ) and turbulence intensity (standard deviation/mean wind speed) 245 was less than 1.2%. There were no dominant velocity fluctuations at any particular frequency (Fig. 1C-D) , 246
indicating that the flow disturbance created by the small flower embedded in the upstream mesh was 247 minimal. 248
When either a horizontal or vertical cylinder was introduced to generate unsteady flow, a deficit in 249 mean longitudinal velocity could be seen in the wake of the cylinder (as compared to the smooth flow), 250 and the mean velocity profile varied slightly throughout the interrogation volume (Fig. 1B) . Vortex 251 shedding occurred at 23 Hz (Fig. 1C-D (Fig. 4A-B) , but mean vertical ground speed was higher in the wake 269 of the horizontal cylinder as compared to the other two flow conditions ( Fig. 4C; S-U Spectral analysis revealed peaks in body acceleration near the vortex shedding frequency in both 293 unsteady flow conditions (Figs. 6D-F) , similar to the velocity spectra (Figs. 4D-F) . However, whereas 294 velocity fluctuations occurred primarily along either the lateral or vertical axis, depending on the 295 orientation of unsteady flow (Figs. 4D-F) , acceleration fluctuations near the shedding frequency 296 occurred along all three axes in both unsteady flow conditions (Figs. 6D-F) . 297
Body Orientation 299
As seen previously in standard deviations of bees' velocities (Figs. 4G-I) , the standard deviations of bees' 300 orientation angles were also affected by the low frequency casting maneuvers that bees performed 301 while flying upwind (Fig. 5) , leading to similar magnitude of roll and yaw fluctuations in the three flow 302 conditions (Fig. 7A-C frequency were present in the wake of the vertical cylinder (Fig. 7D-F) , demonstrating that this unsteady 313 flow pattern destabilized bees, particularly around the roll axis. Surprisingly, no clear peaks in pitching or 314 other body rotations were present in the wake of the horizontal cylinder (Fig. 7D-F) , despite the 315 presence of peaks in the vertical air speed of bees (Fig. 4D-F) . Spectra of rotation rates (not shown) were 316 similar to those of the orientation angles themselves. 317
Variations in mean (absolute) rotation rates indicated that much higher rotation rates occurred around 318 the rolling axis as compared to pitch or yaw in all three flow conditions (Fig. 8A-C) . Mean rolling rates in 319 excess of 500 degrees/sec were commonly experienced by the bees in unsteady conditions. Rolling rates 320 were significantly higher in both unsteady flow conditions as compared to smooth flow, and were higher 321 behind the vertical cylinder as compared to the horizontal one ( Fig. 8A ; S-U horiz , p << 0.0001, S-U vert , p << 322 0.0001; U horiz -U vert , p = 0.003). Pitching rates were much lower than rolling rates, but bees pitched more 323 quickly in unsteady as compared to smooth flow ( Fig. 8B ; S-U horiz , p = 0.001, S-U vert , p = 0.0001, U horiz -324 U vert , p = 0.7), and yawing rates were the lowest, but still significantly higher in unsteady flow (S-U horiz , p 325 = 0.004, S-U vert , p = 0.0002, U horiz -U vert , p = 0.2). The standard deviation of rotation rates (Fig. 8D-F) was 326 generally higher than the absolute mean, but variations between smooth and unsteady conditions were 327 similar, with all flow conditions producing the largest fluctuations around the roll axis, followed by pitch 328 and yaw. 329
330
Relationships between body orientation and translational acceleration 331
The kinematic analyses revealed a strong cross-correlation (with zero phase lag) between roll angle and 332 acceleration along the lateral axis of the wind tunnel for bees in smooth flow (r = 0.7  0.2, n = 14 bees; 333 Fig. 9A-B) , whereas there was no clear correlation between yaw angle and lateral acceleration (r = 0.3  334 0.3). As expected for voluntary maneuvers (in which a body rotation redirects the axis of force 335 production, leading to translation), the correlation between roll angle and lateral acceleration in smooth 336 flow was positive, with the largest lateral accelerations coinciding with the largest roll angles (Fig. 9A) . 337
In contrast, there was no substantial correlation between roll angle and lateral acceleration during trials 338 conducted in unsteady flow generated by the vertical cylinder (Fig. 9B) . However, when the data was 339 filtered with a 3 Hz low-pass filter to remove higher frequency motions (in contrast to previous filtering 340 that excluded low frequency motions), the correlation between roll angle and lateral acceleration again 341 became positive and significant ( Fig. 9C; could not be determined in this study due to the lack of information on wing kinematics. Even with this 368 information, it would be difficult to conclusively identify the extent of active response, due to the tight 369 coupling between disturbance and response, as well as the complex spatial and temporal variation in 370 external flows. The rapid drop-off in energy of acceleration fluctuations at frequencies higher than the 371 vortex shedding rate (Fig. 6) suggests that the bees did not respond to disturbances induced by the 372 vortices with rapid corrective accelerations, but rather responded at rates commensurate with the 373 disturbances. 374
While bees can clearly attenuate external perturbations along all axes (Table 1) , they appear to be less 375 sensitive (i.e., more stable) to perturbations along the vertical axis, as opposed to the lateral axis. 376
Fluctuations in vertical acceleration in response to the horizontal cylinder were approximately half the 377 magnitude of fluctuations in lateral acceleration in response to the vertical cylinder (Fig. 6) , and the 378 energy present at the vortex shedding frequency in the spectra is significantly higher in the latter. This 379 could imply that bees are more aerodynamically stable along the vertical axis and/or that they are more 380 adept at actively responding to translational disturbances along this axis. However, the lower magnitude 381 of fluctuations in pitch as compared to roll under all flow conditions (Fig. 8) suggests that bees may be 382 "passively" more immune to disturbances along the vertical/pitching axis. In addition, the presence of a 383 peak in vertical ground speed fluctuations near the vortex shedding frequency in the wake of a 384 horizontal cylinder, but the absence of a peak in pitching, suggests that the von Karman street arising 385 from the horizontal cylinder resulted only in translational perturbations along the vertical axis, and did 386 abdominal deflection may augment not only pitching stability, but also translational stability along the 396 vertical axis (Dyhr et al., 2013) . Though no obvious leg extension occurred in the flight sequences 397 collected for this study, some abdominal deflection was noted qualitatively, which could contribute to 398 the bees' stability along the vertical/pitching axis. 399
The relatively limited sensitivity to disturbances along both the vertical and longitudinal axes in 400 comparison to the lateral axis could also arise from the fact that forces are actively produced by the bee 401 along these axes (lift and thrust, respectively). In steady level flight, as the bee counteracts its drag by 402 generating thrust (longitudinal axis) and counteracts its weight by generating lift (vertical axis), a 403 disturbance along these axes will only require a slight modulation of the existing forces to correct for the 404 influence of the disturbance. However, a disturbance along the lateral axis would be expected to have a 405 greater influence, since no (or very limited) forces are being produced along this axis, unless the bee is 406 performing a turning maneuver. Hence, in the case of a lateral disturbance, the bee would need to 407 correct for the disturbance through inertial reorientation (roll) of its primary force vector. 408
In addition to inherent differences in force production, the rotational moment of inertia of the bee also 409 varies about its three axes. The rotational moment of inertia is generally lowest around the roll axis, 410 followed by the pitch and yaw axes (Dudley, 2002) , and the differences in rotational fluctuations that 411 bees experienced around these axes in unsteady flow follow this trend. Bees rolled far more than they 412 pitched or yawed in all flow conditions, and unsteady flow amplified these trends (Fig. 7-8 ). Bees also 413 experienced significantly greater fluctuations in velocity and acceleration along the lateral axis (Figs 4, 6 ) 414 with external flow perturbations generated by the vertical cylinder imposing lateral forces of over half 415 the bees' body weight (Fig. 6B) . Intriguingly, our results vary substantially from parallel experiments on 416 the flight stability of hawkmoths (Manduca sexta) (Ortega-Jimenez et al in review), which experiencedgreater fluctuations in yaw than in roll when flying in the wake of a vertical cylinder. It is possible that 418 the differences in observations are due to experimental conditions; bees in our experiment were 419 actively flying upsteam to a food source, whereas hawkmoths were maintaining stationary position at a 420 flower in an oncoming flow. The observed differences may also reflect differences in passive stability or 421 flight control strategy, since these species vary significantly in morphology, wing loading and flapping 422 frequency (Ellington, 1984) . 423
The spectral and temporal analysis of the flight trajectories allowed us to discern that bees typically 424 perform voluntary, lateral casting motions at low frequencies (Fig. 5) , and that they primarily utilize the 425 roll axis to perform these lateral maneuvers. Thus, although bees may be more sensitive to disturbances 426 along the lateral/roll axis, they also appear to be most agile around this axis. Bees may make use of the 427 relative ease of perturbing stable flight (i.e., for a given amount of torque, a larger roll can be produced 428 as compared to pitch or yaw) to effect voluntary maneuvers. Similarly, in unsteady flow we would 429 expect that, although bees experience the largest translational perturbations around the lateral axis, 430 they would also be capable of responding most quickly and easily by producing a corrective roll in the 431 opposite direction. This may help explain the relatively low, negative correlation observed between roll 432 and lateral acceleration over the entire frequency range (Fig. 9C) The zero-time-shift correlation between roll angle and lateral acceleration of bees (n = 14) in smooth 588 flow (left), in the wake of the vertical cylinder (center), and in the same wake with higher frequency 589 motions removed through filtering (right 
